20 regulatory networks, retinal development, flow cytometry, quantitative analysis, 21 electroporation 22 23 24 25 26 27 28 29 30 Summary Statement 31 Systematic variation of the levels of a transcriptional reporter plasmid, its trans-32 acting factors, and transcription factor binding sites reveals properties of a retinal 33 enhancer during development. 34 35 36 Abstract 37 Enhancer activity is determined by both the activity and occupancy of 38 transcription factors as well as the specific sequences they bind. Experimental 39 investigation of this dynamic requires the ability to manipulate components of the 40 system, ideally in as close to an in vivo context as possible. Here we use 41 electroporation of plasmid reporters to define critical parameters of a specific cis-42 regulatory element, ThrbCRM1, during retinal development. ThrbCRM1 is 43 associated with cone photoreceptor genesis and activated in a subset of 44 developing retinal cells that co-express the Otx2 and Onecut1 (OC1) 45 transcription factors. Variation of reporter plasmid concentration was used to 46 generate dose response curves and revealed an effect of binding site availability 47 Additionally, these experiments suggest that the ThrbCRM1 element is co-51 regulated by Otx2 and OC1 even under conditions of sub-optimal binding of 52 OC1. 53 54 55 56 57 58 59 60 61
on the number and strength of cells with reporter activity. Critical sequence 48 elements of the ThrbCRM1 element were defined using both mutagenesis and 49 misexpression of the Otx2 and OC1 transcription factors in the developing retina. 50
Introduction 63
The rules and logic of cis-regulatory activity that underlie dynamic gene 64 regulation during development are an area of great interest (Rickels and 65 Shilatifard, 2018) . At present, quantitative measurements are largely determined 66 through highly reductionist approaches such as EMSAs or protein microarrays, 67 while in vivo activity is qualitative, limiting the ability to correlate specific 68 sequence elements with reporter output. Elucidation of this process during 69 development is further complicated by temporal dynamics as cells have rapid 70 shifts in active gene regulatory networks (GRNs). However, identification of these 71 networks provides insights into how transcription factor expression and activation 72 are coordinated to direct cell fate choices during development. 73
Electroporation is one method to identify and characterize cis-regulatory 74 elements as components of GRNs. Several studies have used this method to 75 The vertebrate retina is an excellent model organ to investigate the 88 development of nervous system complexity. Recent analysis has suggested that 89 the retina may be composed of as many as 100 cell types, each of which are 90 generated from multipotent retinal progenitor cells during development (Holt et 91 al., 1988; Turner et al., 1990; Wetts and Fraser, 1988; Zeng and Sanes, 2017) . 92 obtained from Charles River. Eggs were stored in a 16 o room up to 10 days 124 before incubation and incubated in a 38 o C humidified incubator. Retinas were 125 isolated from chicken embryos and mouse P0 pups without regard to sex. 126
DNA Plasmids 127
The Stagia3 EGFP reporter plasmid uses a minimal TATA box from Herpes 128 Simplex Virus and is described in (Billings et al., 2010) . The co-electroporation 129 plasmids CAG::mCherry (constructed by Takahiko Matsuda and reported in 130 digested with Sal1 and EcoR1 restriction enzymes produced clones with two 148 copies of the ThrbCRM1 element oriented the same way in Stagia3 and joined by 149 a Hind3 restriction site. Oligos encoding the mutant forms of ThrbCRM1 150 described in Figure 5 were cloned in a similar manner to the wildtype oligos. All the appropriate volume of TE and mastermix and then prepared DNA mixes were 168 measured at 260nm. The average of three spectrophotometer readings were 169 used to empirically determine the amount of EGFP plasmid present in mixes, to 170 avoid data skewing by pipetting error and was used in the plotting of data. 171
DNA electroporations 172
Methodology for DNA electroporations was as described in (Emerson and 173 Cepko, 2011) with the exception that a Nepagene Super Electroporator NEPA21 174
Type II was used to generate voltage pulses. Retinas were cultured for 2 days. 175
For all electroporation experiments that used an EGFP reporter and a TdTomato 176 co-electroporation control for flow cytometry analysis, a set of retinas were 177 electroporated either with CAG::EGFP or UbiqC::TdT, and together with an 178 unelectroporated retina, were used to generate compensation controls for the 179 flow cytometer. 180
Retina Dissociation 181
Retinal pigment epithelium and excess vitreal tissue was removed in HBSS 182 media (GIBCO, 14170112) using forceps and retina was placed in 183 axis percentages were automatically set to "0" for samples in which no GFP 206 reporter plasmid was added to prevent plot skewing by small numbers of cells. In 207 cases where results were tested for statistical significance, a Mann-Whitney t-test 208 was applied using JASP software(JASP Team, 2018). In cases in which a t-test 209 was not appropriate because more than two groups were being compared, a 210 one-way ANOVA with a post hoc Dunnetts test was applied using R 3.3.0. and 211 the multcomp package (Hothorn et al., 2008; Team, 2018) . All experiments were 212 independently replicated and statistically analyzed to verify statistical significance 213 of presented results. 214
Immunofluorescence and Confocal Microscopy 215 ( Fig. 1A ) (Emerson et al., 2013) . Two different forms of the vector were used -247 "4X" and "2X" versions that contained four and two copies of the ThrbCRM1 248 element, respectively (Fig. 1B) . The 4X version has a much greater overall 249 activity level, likely due to the fact that there are twice as many binding sites for 250 activating transcription factors and also that the four copies positions these 251 binding sites further away from the basal promoter site, which may promote DNA 252 looping regulatory events. The Stagia3 reporter plasmid has been used in a number of studies to test 278 the activity of potential cis-regulatory elements. In previous studies, a specific 279 concentration (100ng/µl -200ng/µl, depending on the study) has been repeatedly 280 used in chicken and mouse retinas, though it has not been empirically 281 determined whether this is the ideal concentration for assessment (Billings et al., revealed a sigmoidal instead of hyperbolic shape. In addition, the percentage of 306 EGFP-positive cells continued to rise at concentrations of reporter plasmid 307 beyond 120ng/µl, and a clear plateau point was not observable for the 308 concentrations tested. The observation that the 2X version was not saturating at 309 the same concentrations as the 4X version suggests that the plateau effect 310 observed for the 4X version is not simply a physical limit of the system, such as 311 how much DNA can be electroporated. In addition, the plateau effect observed 312 with ThrbCRM1(4X) suggests that there is a limit of 25% of cells at this time in 313 development that can activate the ThrbCRM1 element. This is likely due to the 314 number of cells co-expressing Otx2 and OC1. 315
In addition to calculating the total number of cells, the fluorescence intensity 316 of the cells in that population was assessed by determining the distribution of the 317 EGFP-positive cells across 5 Bins, with Bin1 being the weakest EGFP-318 expressing cells and Bin 5, the strongest expressing cells (Bin locations 319 displayed in Fig. 2A,B ). The distribution of cells relative to these Bins also 320 stabilized at approximately 120ng/µl for the 4X version. At lower concentrations 321 of reporter plasmids, most cells were located in the weakest EGFP-expressing 322
Bin, which was Bin1. As the concentration of plasmids rose, there was an 323 increase in the percentage of EGFP-positive cells in Bins 2, 3, and 4 and a 324 subsequent decrease in the percentage of cells in Bin 1. The stabilization of 325 these percentages suggest that there is a concentration threshold for the 326 ThrbCRM1(4X)::EGFP reporter, such that the presence of more DNA plasmids in 327 the electroporation mix does not lead to more cells activating the enhancer or for 328 any of the cells to express more EGFP. Retinal cells electroporated with the 2X 329 version expressed strikingly less EGFP compared to the 4X version. Almost no 330 cells were found in Bins 3, 4, and 5 in the 2X version, whereas 18% and 8% of 331 EGFP-positive cells were found with the 4X version. 332
The concentration curves for ThrbCRM1(X4) and ThrbCRM1(X2) shown in 333 settings. To confirm that the ThrbCRM1(X4) and ThrbCRM1(X2) constructs 336 saturated at different points, the two constructs were tested in the same 337 experiment across a range of concentrations for which the (X4) was saturated 338 and the (X2) was not (120, 160, 200 ng/µl) (plotted separately in Fig. 2 G,H to 339 more easily allow for comparison of concentration differences irrespective of 340 scale). Indeed, the concentration-dependent differences were observed and a 341 comparison of the EGFP reporter activity of the 120 ng/µl and the 200 ng/µl 342 concentrations of each plasmid was statistically different for the 2X version but 343 not the 4X version. This confirms that the presence of 4 sets of binding 344 sequences compared to 2 sets of binding sequences not only results in a larger 345 EGFP-positive population with individual cells expressing more EGFP, but that 346 the saturation points for these metrics are shifted to lower concentrations. 347 348
Effects of misexpression of Otx2 and OC1 on the ThrbCRM1 population 349
A previous study has identified the ThrbCRM1 element as containing 350 The distribution of EGFP-positive cells in these transcription factor 387 misexpression experiments was calculated using the same Bin system as 388 described above in Fig. 2 (Fig. 3F ). Interestingly, in retinas that had just Otx2 or 389 OC1 misexpressed, the distribution of EGFP-positive cells across the five Bins 390 was not statistically different from that of retinas with just the ThrbCRM1 reporter 391
introduced. In contrast, in retinas with both transcription factors misexpressed, 392 there was a statistically significant redistribution of EGFP-positive cells to Bins 393 containing higher EGFP fluorescence. One interpretation of this result is that in 394 retinas in which only one transcription factor was misexpressed, the new 395 population of cells that activates ThrbCRM1 may be limited by the amount of the 396 endogenous transcription factor that is present. Thus, while these cells may 397 ectopically express the reporter, their fluorescence intensity would be similar to 398 the cells that normally activate the reporter. However, in the case where both 399
Otx2 and OC1 are introduced, these two proteins are now both present at higher 400 concentrations than their endogenous levels and this leads to a higher amount of 401 EGFP production per cell that is quantitatively captured through this Bin analysis. 402
To determine the concentration effect of misexpressing the Otx2 and OC1 403 factors on ThrbCRM1(X4) activity, plasmids encoding misexpression constructs 404 for both transcription factors were introduced at similar relative proportions to 405 each other. A dose-dependent increase in activity was observed with a 406 distribution that suggested that even one-tenth the amounts of misexpressed 407
Otx2 and OC1 that were used previously were sufficient to increase the output of 408 reporter activity (Fig. 4A) . While a clear plateau point in the total GFP-positive 409 population was not observed by the highest amount of DNA tested (202 ng/µl), 410 the bin distribution of EGFP fluorescent cells displayed a plateau beginning at 411 approximately 75 ng/µl (Fig. 4A,B) . hyperbolic form that plateaued between 56ng/µl and 95ng/µl (Fig. 4C ). Analysis 430 of the EGFP intensity distribution of cells across Bins did not reveal major 431 differences between the lowest effective concentration (18ng/µl) and the highest 432 (206ng/µl) (Fig. 4D ). This suggests that the previously used concentration of 433 100ng/µl was near the plateau point, but also reveals that much lower 434 concentrations of the misexpression plasmid are biologically active and could be 435 We first qualitatively tested these constructs in the context of the intact 455 retina ( Fig. 5B-G) . ThrbCRM1(2X)::EGFP constructs were co-electroporated with 456 a CAG::Nucβ-gal construct to identify electroporated areas of the retina. Retinas 457 were examined for EGFP and Nucβ-gal reporter activity using confocal 458 microscopy. As expected, a Stagia3 plasmid without additional cis-regulatory 459 elements was unable to drive EGFP expression ( Fig. 5B, B') . The wild-type 460 construct showed a previously characterized pattern indicative of apically located 461 photoreceptors, possible ThrbCRM1-active retinal progenitor cells and basally 462 located horizontal cells while the Nucβ-gal was found throughout the retinal 463 thickness ( Fig. 5C, C') . Surprisingly, the number of EGFP-positive cells in the 464 Otx2Mut1 electroporated retina was similar to that observed with the wildtype 465 construct (Fig. 5D, D' ). This sequence is highly conserved in vertebrates and 466 matched the Otx2 binding site the most closely out of the two potential Otx2 467 binding sites. In contrast, very few EGFP-expressing cells were observed in 468 retinas electroporated with the Otx2Mut2, Otx2Mut1/2 and OCMut constructs 469 compared to the retinas with the WT and Otx2Mut1 constructs ( Fig. 5E-G') . 470
These results suggest that the sequence mutated in the Otx2Mut2 region, and 471 not the Otx2Mut1 region, is the site that Otx2 binds in the ThrbCRM1 element. 472
To more quantitatively examine the effect of these mutations, each 473 To further test the requirements of the binding sites identified in the 492 mutagenesis experiments, we determined whether misexpression of either OC1 493 or Otx2 could activate mutated ThrbCRM1 reporters that lacked OC1 or Otx2 494 binding sites. Mutated ThrbCRM1 reporters were electroporated into chicken E5 495 retinas in combination with Otx2 or OC1 misexpression plasmids and analyzed 496 by flow cytometry. We first tested the ThrbCRM1[Otx21/2Mut]::EGFP plasmid, 497 which lacks any consensus Otx2 binding sites (Fig. 6A ). As expected, 498 misexpression of Otx2 did not significantly activate EGFP expression from the 499 ThrbCRM1[mutOtx1/2]::EGFP construct when compared to a control. 500
Surprisingly, electroporation of CAG::OC1 with the ThrbCRM1[MutOtx1/2]::EGFP 501 construct induced EGFP expression. This suggests that excess OC1 is able to 502 activate the ThrbCRM1 element even under conditions in which consensus Otx2 503 binding sites are absent. We next tested whether mutation of the OC binding site 504 would affect the ability of the OC1 and Otx2 misexpression plasmids to activate 505 the ThrbCRM1::EGFP plasmid. Similarly, Otx2 misexpression was able to 506 significantly increase the amount of EGFP-positive cells from the OC mutated 507 ThrbCRM1 plasmid, while the OC1 plasmid was unable to do so (Fig. 5B ). This 508 suggests that excess Otx2 can activate the ThrbCRM1 plasmid even when OC1 509 consensus binding sites are lacking in the ThrbCRM1 element. Taken together, 510 these results 1) provide further confirmation that the sites targeted for 511 mutagenesis are in fact the relevant binding sites for their cognate transcription 512 factors and 2) the mutated reporter plasmids can be activated under conditions in 513 which the transcription factor with an intact binding site is misexpressed. 514
These experiments suggest that the necessity for one of the transcription 515 factor binding sites can be overcome by misexpression of the other transcription 516 factor that has an intact binding site. Two major possibilities exist to explain this 517 phenomenon. One is that under normal conditions, co-expression of both 518 transcription factors is needed to lead to stable occupancy of ThrbCRM1 and 519 detectable reporter expression. High misexpression of one of the transcription 520 factors could lead to stable occupancy and reporter activation by this 521 transcription factor, independent of the other transcription factor. However, this 522 explanation is not supported by previous data in which misexpression of either 523
Otx2 or OC1 in tissues that lacked the other transcription factor were unable to 524 induce the ThrbCRM1 reporter (Emerson et al., 2013) . A second possibility is 525 that increased expression of one transcription factor may allow it to bind to its 526 site, while recruiting the other transcription factor through a largely DNA-binding 527 independent process. The lack of activity of ThrbCRM1 in tissues that only 528 expressed one of the factors, no matter how highly expressed the other one, 529 would be congruent with this hypothesis. To discriminate between these 530 hypotheses, we repeated the previous misexpression experiments shown in Fig.  531 6A and 6B, but also included increasing concentrations of the misexpression 532 plasmid encoding the other, presumptive non-DNA binding, transcription factor. 533
In both cases, co-electroporation of the plasmid encoding the transcription factor 534 that lacks a consensus binding site on the mutated ThrbCRM1 element led to a 535 concentration-dependent increase in EGFP expression from the mutated 536 ThrCRM1 reporter. In the case of the Otx2 mutant reporter, this was not a 537 significant increase, while the OC mutant reporter was significant between the 538 lowest and highest levels of CAG::OC1 tested. This suggests, that the OC1 539 transcription factor is able to participate in activation of the ThrbCRM1 element 540 even under conditions where a consensus binding site is lacking. This study shows that the concentration of reporter plasmid is an 556 important variable in experimental design, though this aspect has been ignored 557 by the vast majority of previously published electroporation studies. In cases of 558 sequence element mutagenesis, the ideal concentration of reporter plasmid is 559 below the saturation point for reporter output. This concentration allows for the 560 detection of either partial loss of activation or an increase in reporter activity due 561 to loss of a repressor site. Use of reporter plasmid concentrations above the 562 saturation point could obscure meaningful reporter output changes. This study 563 also demonstrates that saturation points are likely to be unique for a given cis-564 regulatory element in a particular biological context. In addition to these important 565 technical considerations, we also suggest that the quantitative flow cytometry 566 assay used here reveals saturation kinetics that are a direct result of transcription 567 factor occupancy of cis-regulatory elements. A confirmation of the direct binding 568 kinetics of the transcription factors in these cells is not possible with current 569 techniques, but the increased fluorescence levels at the per cell level induced by 570 increased transcription factor expression supports this interpretation. The small size of the ThrbCRM1 element and the known identity of two 587 key regulators of its activity make this cis-regulatory element an ideal candidate 588 to explore at the functional level. The limited sequence constrains the regulatory 589 information that can be encoded and thus the complexity of its regulation. Otx2 the transcription factors were found to be required for ThrbCRM1 activity. We 595 interpret the ineffectiveness of misexpression of the corresponding transcription 596 factor in eliciting reporter activity as further evidence that these mutations prevent 597 most, if not all, of Otx2 and OC1 binding. However, we cannot rule out a small 598 amount of binding that is perhaps facilitated by the presence of the other 599 transcription factor with an intact binding site. Thus, while the misexpression 600 experiments in the context of mutated binding sites supports a model where OC1 601 is recruited through protein-protein interactions with Otx2 and modulates 602 transcription irrespective of DNA-binding, this assay may reveal the weak binding 603 affinity of OC1 for the mutated binding site. Regardless, the dose-dependence of 604 this effect indicates a co-regulatory function for these two proteins. This could 605 reflect a physical interaction between these proteins, which is likely given the 606 proximity of the Otx2 and OC1 binding sites. 607
This paradigm allowed us to test the necessity of sequence elements in 608 the ThrbCRM1 element. Interestingly, only one of the two potential Otx2 binding 609 sites appeared to be necessary for the activity of the ThrbCRM1 element. 610
Whether the spacing and orientation of this Otx2 site relative to the OC1 binding 611 site is important will require further investigation. In addition to mutagenesis 612 experiments for this purpose, it will be interesting to identify other cis-regulatory 613 elements co-regulated by Otx2 and OC1 and examine their binding sites with 614 regards to specific sequences, orientation, and spacing. The likely Otx2 binding 615 site (AAATCC) differs from the canonical monomeric site identified in in vitro 616
Selex studies (TAATCC) (Jolma et al., 2013) . In this Selex study, sequences 617 containing Adenine in the first position were recovered, suggesting that A can be 618 tolerated by Otx2 binding. However, though an A represented the second most 619 enriched base after T, this was only 3.3% of all sequences. Interestingly, the 620 same Selex study identified presumed Otx2 dimer-bound sequences and the 621 sequences that correlated to the individual units differed in sequence from those 622 bound by the monomer. A similar divergence in monomer versus dimer-bound 623 sequence specificities has also been suggested for the Otx2-related transcription 624
factor Crx, implying that the binding specificities of the Otx2 class of transcription 625 factors can differ depending on their interactions with DNA as a monomer or a 626 dimer (Hughes et al., 2017; Kwasnieski et al., 2012) . We speculate that the 627 AAATCC sequence could represent the preferred sequence for Otx2 only when 628 present in a complex with OC1. Such a shift in binding specificity has been 629 referred to as "latent specificity" and observed previously for Drosphila Hox 630
genes when in complex with the cofactor Extradenticle (Slattery et al., 2011) . 631
This could provide a potential explanation for the high degree of conservation of 632 an A in the first position that is found in the homologous ThrbCRM1 elements 633 across the phylum chordata. 634
In summary, this study quantitatively assesses the effects of multiple 635 experimental parameters on the activity of the restricted RPC ThrbCRM1 636 element. This has provided insights not only into the specific sequence 637 requirements and transcription factor/DNA binding dynamics for this particular 638 element, but more generally into the use of electroporation to investigate cis-639 regulatory elements during development. 
